Recently, the integrated ethanol-methane fermentation process has been studied to prevent wastewater pollution. However, when the anaerobic digestion reaction runs poorly, acetic acid will accumulate in the recycling water. In this paper, we studied the effect of low concentration of acetic acid ( 25 mM) on ethanol fermentation at different initial pH values (4.2, 5.2 or 6.2). At an initial pH of 4.2, ethanol yields increased by 3.0% and glycerol yields decreased by 33.6% as the acetic acid concentration was increased from 0 to 25 mM. Raising the concentration of acetic acid to 25 mM increased the buffering capacity of the medium without obvious effects on biomass production in the cassava medium. Acetic acid was metabolized by Saccharomyces cerevisiae for the reason that the final concentration of acetic acid was 38.17% lower than initial concentration at pH 5.2 when 25 mM acetic acid was added. These results confirmed that a low concentration of acetic acid in the process stimulated ethanol fermentation. Thus, reducing the acetic acid concentration to a controlled low level is more advantageous than completely removing it.
INTRODUCTION
Bioethanol, the product of yeast fermentation, is currently the major biofuel on the global market. Ethanol can be fermented from sugar-based and starch-based feedstock (Wang et al. ) , including cassava, which is widely used as raw material for ethanol product to reduce conflicts between industrial and human food use of intensively-produced crops (Kim & Dale ) . Distillation of the fermentation broth produces ethanol. However, this generates a byproduct called stillage, which is typically a high-volume, high-strength waste that presents significant disposal or treatment problems (Tian et al. ) . Stillage is usually treated by solidliquid separation followed by anaerobic-aerobic digestion, and the effluent is further treated using physical or chemical methods to achieve the required discharge standard (Kim et al. ; Jördening & Winter ) . However, pursuit of cleaner production has also increased in the volume of associated wastes. These environmental problems cannot be solved by any single available technology but rather require an integrated approach (Virunanon et al. ) .
In order to achieve the ideal target for bioethanol production of full wastewater reutilization together with energy saving, we previously proposed (Wang et al. ) an integrated ethanol-methane fermentation process, which has major advantages such as zero wastewater discharge and low energy consumption (Wang et al. ) . In the integrated process, a portion of the thin stillage is treated by anaerobic digestion, and the effluent mixed with residual thin stillage to use as the next process water (Figure 1 ). Thin stillage is treated by two-stage anaerobic digestion, which produces biogas as fuel which may be used to generate electricity and heat (Zhang et al. ) . Average ethanol concentrations were higher and glycerol concentrations lower in the recycling batches compared to those in the initial batch where freshwater was used (Wang et al. ) .
However, there are two significant problems with the integrated process. Thin stillage contains organic acids which may accumulate in the process water (Wang et al. ) and this accumulation of organic acids may adversely affect the anaerobic digestion process. Therefore, the influence of the organic acids on ethanol fermentation is a major concern in the integrated process. Previous work in this laboratory confirmed acetic and propionic acid as the two most abundant organic acids in the process, and also studied the effect of propionic acid on ethanol fermentation (Zhang et al. ) . It has been reported that high concentrations of acetic acid inhibit yeast growth and prolong fermentation time (Narendranath et al. ; Thomas et al. ) . However, there is little work exploring the impact of low concentrations of acetic acid (Narendranath et al. ) . In this paper, we present the effects of low concentrations of acetic acid on the integrated ethanol-methane fermentation process in relation to ethanol and glycerol production, sugar utilization, and biomass formation.
MATERIALS AND METHODS Microorganism
A commercial strain of Saccharomyces cerevisiae for ethanol production was obtained from Hubei Angel Yeast Co., Ltd, (Yichang, China).
Seed medium
One loopful of S. cerevisiae was inoculated into a 500 mL Erlenmeyer flask holding 200 mL of a solution containing 
Cassava medium
Cassava powder (200 g) was mixed with tap water (600 mL). The pH was adjusted to 5.5 using 30% (w/w) H 2 SO 4 or 10% (w/v) NaOH. Thermostable α-amylase (Genencor China Co., Ltd, 15 U of per gram of cassava powder) was added. The slurry was heated to 92 W C for 100 min. After cooling to ambient temperature, tap water was added to compensate the moisture loss. The pH of the resulting cassava medium was adjusted to 4.2, 5.2 or 6.2 using 30% (w/w) H 2 SO 4 or 10% (w/v) NaOH.
Ethanol fermentation
Triplicate fermentations were carried out in 250-mL flasks containing 135 mL of cassava medium. Urea (0.3 g/L) and glucosidase (Genencor China Co., Ltd) (130 U per gram of cassava powder) were added. A 10% (v/v) inoculum of seed medium was added to each flask. All fermentations were carried out at 30 W C without shaking. 
Effect of acetic acid in different pH on the ethanol fermentation
Acetic acid was added to give the final concentrations of 0, 2.5, 5.0, 10.0, 15.0 and 25.0 mM in the cassava medium. Undissociated acetic acid concentrations were calculated at 25 W C using the Henderson-Hasselbalch equation
Analysis
Glucose, ethanol, glycerol and acetic acid concentrations in fermentation media were determined by high-performance liquid chromatography (HPLC). Samples were centrifuged (10,000 × g for 10 min) and the supernatant passed through a 0.20 μm filter prior to analysis. Standards and prepared samples (20 μL) were injected into a Bio-Rad HPX-87H Aminex ion exclusion column. The column was operated at 65 W C and sulfuric acid (0.005 mol/L) was used as mobile phase at a flow rate of 0.6 mL/min. A refractive index detector (Shodex RI-101, Shodex, Tokyo, Japan) was employed. Data were processed using Chromeleon software (Dionex, CA, USA). Residual total sugar was determined after the end of fermentation, which was determined using a biosensor (SBA-40B, Shandong Academy of Sciences, Jinan, China) after the samples were subject to acid hydrolysis (20 g/L hydrochloric acid, 100 W C for 120 min). Yeast cells were counted using a hemocytometer, as yeast dry weight was difficult to measure because of the solids in the cassava medium. Cell number was converted to dry cell weight (DCW) using a factor of 2.5 × 10 À11 g dry mass per cell (Devantier et al. ) .
Statistical analysis
Statistical analysis was performed with Excel and Origin 8.5 (Microsoft Corp., USA). Data were analyzed by one-way analysis of variance (ANOVA) with a student's test. Readings were considered significant when p-value <0.05. Standard errors and error bars presented in the tables and figures were calculated using untransformed data in ANOVA.
Quantification of intracellular adenosine triphosphate (ATP)
Duplicate samples for the determination of ATP were collected in the mid-exponential phase. Culture broth (10 mL) was rapidly mixed with pre-chilled methanol (30 mL at À40 W C) in pre-weighed tubes, as described (Hou et al. ) . The cells were separated by centrifuging at 8,000 × g for 20 min at À4 W C, suspended in 0.5 M HClO 4 at 0 W C, and then processed by ultrasonic decomposition in an ice bath for 10 min using cycles of 2 s sonication at 2 s intervals. After centrifugation at 12,000 × g for 20 min at À4 W C, the supernatant was filtrated through a 0.22 μm membrane before analysis by HPLC (Zeng et al. ) .
RESULTS AND DISCUSSION
Effect of acetic acid on ethanol production by fermentation of cassava medium at different pH Figure 2 shows that, in most cassava fermentation experiments, an increased concentration of acetic acid raised ethanol yields, reduced formation of the by product glycerol, and reduced residual total sugar. For example, in the presence of 25 mM acetic acid at pH 4.2, ethanol yields increased by 3% compared to the control, while glycerol concentrations decreased by 33% and residual total sugar was reduced by 21%. Acetic acid had essentially no effect on the biomass in the pH range studied. We also monitored intracellular ATP at pH 4.2; Figure 3 shows that ATP per unit DCW increased along with increase of acetic acid. These results are consistent with previous studies. It has been found (Taherzadeh et al. ) that the addition of acetic acid had a profound effect on growth energetics, leading to an increased ethanol yield from glucose. Acetic acid helped to convert glucose to ethanol more efficiently. Zhao et al. (Zhao et al. ) reported a 5.3% relative increase in ethanol when HCl was replaced by acetic acid buffer. However, this result was not always observed (Thomas et al. ) . Although Abbott and Ingledew (Abbott & Ingledew ) reported that acetic acid could stimulate ethanol production, they did not take all the by-products, such as glycerol, into consideration.
Glycerol formation by S. cerevisiae under anaerobic conditions is caused by the need for reoxidation of nicotinamide adenine dinucleotide hydrate (NADH). Acetic acid leaded to a decreased glycerol yield. The acetic acid yield is decreased, and at high acetic acid additions in fact turned into acetic acid consumption. Thereby, the formation of NADH connected to the formation of acetic acid will decrease.
In the present study, acetic acid had a promoting effect on fermentation. However, the mechanism whereby acetic acid is converted into ethanol requires clarification. It has been suggested (Pampulha & Loureiro-Dias ) that about 1 mol ATP is consumed per mol of acetic acid diffused into the cells. The decreased levels of ATP stimulate the glycolytic pathway to produce energy, thereby increasing ethanol production. At pH 4.2, cells were subjected to severe acetic acid stress, and they reduced the ATP expenditure for the recovery of either growth or intracellular pH (Ullah et al. ) . Therefore, reduction of ATP consumption indeed resulted in increased ATP concentrations.
Effect of acetic acid on the buffering capacity at different pH values
The final pH of the fermentation medium containing acetic acid did not drop to the same extent as controls (Figure 4(a) -4(c)). This was verified by measuring the buffering capacities of the medium. A 1 mL aliquot of each medium was titrated with 0.1 M NaOH, and the buffering capacity was calculated (Thomas et al. ; Abbott & Ingledew ) . Buffering capacity is defined here as the number of milliliter quantity of NaOH requiring to neutralize the 1 mL of the medium, using phenolphthalein as indicator. As shown in Figure 4 , the medium containing higher concentration of acetic acid showed better buffering capacity. For example, the buffering capacity of the zero control was 1.24 meq of NaOH at pH 4.2, whereas that of the medium with 25 mM acetic acid was 1.67 meq (Figure 4(d) ). Figure 5 (a) and 5(b) show, respectively, the time dependencies of the pH in fermentations with different concentrations of acetic acid and initially at pH 4.2 and pH 5.2. We can see that the pH decreased markedly in the early stage of fermentation. However, in all cases, media buffering capacities increased at higher concentrations of acetic acid (p < 0.05).
The pH of the medium directly controls the concentration of undissociated acid. Effects of acetic acid are mostly attributed to the undissociated acid which predominates at pH values lower than the pKa, 4.75 (Graves et al. ) . For example, at pH 6.2, the proportion of undissociated acetic acid in the fermentation medium was 3.4%, whereas the undissociated form accounted for 77.8% at pH 4.2 (values calculated using the Henderson-Hasselbach equation). However, at pH 6.2, the lower concentration of undissociated form decreased production of glycerol compared with pH 5.2 (Figure 2) . In the integrated ethanol-methane fermentation process, ethanol was produced from nonfood biomass resources (cassava). Anaerobic digestion is a biochemical process that converts organic matter to biogas. The bioconversion of organic matter into biogas is accomplished by a series of interdependent metabolic reactions in which different classes of microorganisms take part (Alkaya & Demirer a, b) . Although the microbiology and chemistry of anaerobic decomposition are complicated, it can be divided into three steps: (1) hydrolysis of complex organic molecules to soluble monomer molecules such as amino acids, fatty acids, glucose and glycerol; (2) fermentation of those soluble substrates to produce carbon dioxide, hydrogen and organic acids such as acetic acid, propionic and butyric acids; (3) conversion of the acetic acid, hydrogen and a portion of the carbon dioxide to methane. Some of the material in the integrated process is not fully biodegradable (Tian et al. ) . The accumulation of such undegradable substances can raise the buffering capacity of the solution, increasing the concentrations of organic acids required to inhibit growth of S. cerevisiae and ethanol production (Abbott & Ingledew ) . In the present study, the buffering capacity of cassava medium was increased when acetic acid was present, resisting a decrease in pH and allowing the cells to survive and grow.
Glycerol production is essential to re-oxidize NADH produced in biosynthetic processes (Modig et al. ) . Glycerol helps S. cerevisiae maintain oxidation-reduction balance under anaerobic conditions and improve cellular tolerance to osmotic stress. Here, the addition of acetic acid caused the decrease of glycerol production. Biomass in the cassava medium did not decrease with the increase of acetic acid, which indicates that this is not the cause of reduced glycerol production.
Alterations of acetic acid concentration during fermentation
Acetic acid is an intermediate product in the process of ethanol fermentation. In this study, the concentration of acetic acid found during the course of fermentation is the sum of two components: (1) acetic acid added before the fermentation and (2) acetic acid generated or lost in the process of fermentation. The results in Figure 6 showed that acetic acid decreased drastically in comparison with initial concentration. For example, the concentration of acetic acid was 38.17% lower at pH 5.2 than initial acetic acid when 25 mM acetic acid was added ( Figure 6 ), and the decreased concentrations were positively correlated with the amount of acetic acid added ( Figure 6 ). This observation is in apparent conflict with previous reports (Pampulha & Loureiro-Dias ) . Pampulha & Loureiro-Dias () reported that the concentration of acetic acid in the fresh medium did not vary during the assay. They discarded the idea that acetic acid might be metabolized. However, we consider that the decrease of acetic acid found in the present study is due to metabolization by S. cerevisiae. In the normal methane fermentation, organic acids are produced by acidogenic bacteria and ultimately transformed to methane and carbon dioxide by methanogens, and acetic acid in the thin stillage is usually below 1.2 g/L (20 mM, data not shown). Because of metabolization by S. cerevisiae, it is not necessary to remove acetic acid in the integrated process.
CONCLUSIONS
We have confirmed that the low concentration of acetic acid accumulated in the integrated process enhance ethanol production. This provides the integrated process with an advantage when compared with conventional fermentation processes. The substantial decrease in acetic acid concentrations over the course of the fermentation demonstrates that S. cerevisiae metabolizes the compound.
